The hydrogen Lyman-α (Lyα) line, a major source of ionization of metals in the circumstellar disks of pre-main sequence (PMS) stars, is usually not observed due to absorption by interstellar and circumstellar hydrogen. We have developed a technique to reconstruct the intrinsic Lyα line using the observed emission in the H 2 B-X lines that are fluoresced by Lyα. We describe this technique and the subsequent analysis of the ultraviolet (UV) spectra of the TW Hya, RU Lupi and other PMS stars. We find that the reconstructed Lyα lines are indeed far brighter than any other feature in the UV spectra of these stars and therefore play an important role in the ionization and heating of the outer layers of circumstellar disks.
Pre-main sequence (PMS) stars exhibit rich ultraviolet (UV) spectra containing many emission lines formed in their chromospheres, circumstellar disks, accretion shocks and jets. In their survey of PMS stars with the International Ultraviolet Explorer satellite, Johns-Krull et al (2000) and Valenti et al (2000) noted that emission lines of H 2 are prominent in the spectra of many of these stars. We have followed up on this survey with higher resolution spectra of PMS stars obtained by the Space Telescope Imaging Spectrograph (STIS) instrument on the Hubble Space Telescope (HST) beginning with the nearest classical T Tauri star, TW Hya. Figure 1 (from Herczeg et al (2002) ) shows a small portion of this TW Hya spectrum. In the complete STIS spectrum, H 2 emission lines are detected between 1202 and 1636 Å. Other H 2 emission lines are detected at shortened wavelengths in spectra obtained by the Far Ultraviolet Spectrograph Explorer (FUSE) spacecraft.
We found that 194 of the emission lines observed by STIS are transitions from 25 levels in the H 2 B electronic state to vibration-rotation levels in the ground electronic state. Herczeg et al (2006) found that 22 of the 25 levels in the B electronic state are populated by radiative transitions from excited levels in the ground electronic state (see figure 2) at wavelengths between 1212.426 and 1219.368 Å that is within the broad Lyman-α (Lyα) emission line. Three of these levels are populated by radiation at 1548.146 Å, which is coincident with the C IV emission line. Thus, Lyα pumping is responsible for nearly all of this fluorescent H 2 spectrum. Figure 3 shows the wavelengths of these pumping transitions compared with the observed Lyα line. Figure 3 clearly shows that much of the intrinsic Lyα emission line is not detected due to interstellar and circumstellar Lyα absorption. Despite this strong absorption, the observed Lyα line is by far the brightest feature in TW Hya's UV spectrum and is responsible for the observed fluorescent H 2 emission. Since the radial velocity of the H 2 gas is the same as the photosphere for this edge-on disk Abgrall et al (1993) for the ground (X) and excited (B and C) electronic levels of H 2 . Lyman band transitions (B-X) typically occur in the UV range observed by HST/STIS, while Werner band (C-X) transitions occur in the far-UV (FUV) range observed by FUSE. Solid lines indicate transitions pumped by Lyα leading to observed fluorescent emission lines. Dashed lines indicate transitions that can be pumped by Lyα but do not lead to detected fluorescent emission. Note that the levels in the ground electronic state have vibration-rotation energies as large as 4.2 eV, indicating that the H 2 gas in the disk is warm (about 2500 K), but the highest energy levels may be non-thermal. See Herczeg et al (2002). system, the H 2 gas is most likely located in the circumstellar disk. Thus, an accurate determination of the intrinsic Lyα emission line flux and profile is needed to infer the physical conditions in the disk. We therefore need to reconstruct, that is reverse engineer, the Lyα emission line for TW Hya and other PMS stars.
Reconstructing the Lyα line profile and flux
We use the observed fluorescent H 2 lines to reconstruct the Lyα emission at each pumping wavelength by assuming that the H 2 gas resides in a warm, plane-parallel slab, following the procedure described by Herczeg et al (2004) . The total emission from an H 2 upper level, F H 2 , is proportional to the oscillator strength, f , of the pumping transition, the population of H 2 in the lower level, N L (H 2 ), which depends on the temperature and column density of the slab, the strength of Lyα emission at the pumping wavelength, F Lyα , and the solid angle filling factor, η, subtended by the H 2 gas as seen from the Lyα emission source. We calculate a Voigt absorption profile for each pumping transition. The Lyα flux F Lyα at the pumping wavelength is given by The H 2 flux from the upper level is corrected for dissociation and the angular dependence of the photons escaping the disk. The integral is the effective equivalent width of the pumping transition for a plane-parallel slab with temperature T and column density N (H 2 ). We assume that the disk geometry and gas properties used by Herczeg et al (2004) to model H 2 fluorescence from TW Hya, in particular T = 2500 K and log N (H 2 ) = 18.5, apply to our entire sample. Any difference in the incidence angle between the incoming radiation and the disk surface will only change the effective column density. Figure 4 shows the ranges of temperature and H 2 column density in the disk that are consistent with this analysis. Herczeg et al (2008) are now analyzing the fluorescent H 2 spectra of six PMS stars observed by STIS and reconstructing their Lyα line profiles. We report here on our preliminary analysis of these data. Figure 5 shows that portions of the red wings of two PMS stars, RU Lup and DF Tau are detected, but no portions of the Lyα profiles of the other three stars, DG Tau, V836 Tau, and T Tau, are detected. Using the method previously described, we have calculated the intrinsic Lyα emission and upper limits at the pumping wavelengths. This analysis allowed us to compute the total Lyα flux and to • at 10 AU and 17.5
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• at 100 AU. Right: the Lyα emission may be less amplified but penetrate to larger N (H) when the total N (H I) column density at the disk surface is small, which could happen if the H/H 2 transition occurs close to the disk surface. The three curves are for models where the H/H 2 transition occurs at different values of N (H I). In each model, the Lyα emission irradiating the disk was estimated from the reconstructed Lyα profile of TW Hya.
compare it with the other UV emission lines and continua. We find that the reconstructed Lyα line contributes 75-90% of the total UV emission for three of the stars (TW Hya, DF Tau and V836 Tau) but only 10-15% of the total UV flux for RU Lupi and T Tau.
The bright Lyα line plays an important role in the ionization and heating of the outer layers of the circumstellar disks of PMS stars. Figure 6 shows that Lyα dominates the input ionizing flux down to a column depth of logN (H I) ≈ 20 under a variety of conditions. Figure 7 shows that at a distance of 30 AU from TW Hya, Lyα and stellar FUV radiation are more important than interstellar radiation, which is incident from all directions, to even larger hydrogen column densities measured from the surface of the circumstellar disk. and 90% of the total FUV emission from TW Hya, DF Tau and V836 Tau, but only 10-15% of the total FUV emission from RU Lupi and T Tau. This difference results from the much higher effective filling factor for RU Lupi relative to TW Hya and DF Tau. Since the H 2 emission from RU Lupi is produced by outflows, we attribute the different effective filling factors to the different geometries.
Summary
(iii) The lower limit of the total FUV emission ranges from 3 × 10 −3 L to 3 × 10 −2 L . The total Lyα emission depends on the effective filling factor of H 2 as seen by the Lyα-emitting gas.
